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The thesis entitled "Stereoselective Total Syntheses of Macrocyclic Depsipeptide Cryptophycin−24, (−)-Galantinic acid and Development of Heterogeneous Catalysed Synthetic Methodologies" consists of three chapters.
Chapter–I : Stereoselective total synthesis of cryptophycin−24 via Prins cyclization.
Chapter–II : Stereoselective synthesis of (−)-galantinic acid from D-mannitol.
Chapter–III : Divided into three sections.
Section A: The copper salt of 12-tungstophosphoric acid: An efficient and reusable heteropoly acid cyclopropanation of alkenes via C−H insertion.
Section B: The copper salt of 12-tungstophosphoric acid: An efficient and reusable heteropoly acid for the Click Chemistry. 
Section C: The silver salt of 12-tungstophosphoric acid: A mild and selective catalyst for the synthesis of β-ketoesters via carbene insertion.
CHAPTER–I
Stereoselective total synthesis of cryptophycin−24 via Prins cyclization:
Cryptophycins were isolated by Schwartz and co-workers from Nostoc sp. strains ATCC 53789.  Although, the Schwartz group has established the structure no details of the absolute stereochemistry were demonstrated. Subsequently, a variety of cytotoxins were isolated by Moore et al. from a crude lipophilic extract of Nostoc sp. GSV 224 with their absolute stereochemistry. Structurally, cryptophycins are cyclic depsipeptides and are remarkably potent against tumor cell lines. 
Cryptophycin A (1) and B (2) exhibit cytotoxic IC50 values of 5 and 7 pg/mL, respectively against KB cells. In 1994, arenastatin A (3) (renamed as cryptophycin−24), another member of the cryptophycin family, was isolated by Kobayashi et al. from the Okinawa marine sponge Dysidea arenaria. It also exhibits cytotoxicity with IC50 value of 5 pg/mL against KB cells. Moore et al. have found that the synthetically derived cryptophycin 8 (4) was more active in vivo than (1) (Figure 1). 
Figure 1
Cryptophycin A (1) was found to be very active against a fungus called as Cryptococcus, which causes immunodeficiencies. The significant clinical potentials of cryptophycins and their low natural abundance have made them as attractive synthetic targets. Consequently, there have been some reports on the total synthesis of cryptophycins following multi-step synthetic sequences. However, many of these syntheses employ asymmetric dihydroxylation as a key step to generate syn-diols. In view of their fascinating structures and biological activity, we were interested in the synthesis of cryptophycins using Prins cyclization as a key step for the synthesis of non-peptidic part.
In recent days, Prins cyclization has become a powerful synthetic tool for the construction of multi-substituted tetrahydropyran systems and has been utilized in the synthesis of several natural products. Our group has made a significant effort to explore the utility of Prins cyclization in the synthesis of various polyketide intermediates and applied it to the total synthesis of some natural products. As a part of our ongoing program on the total synthesis of biologically active natural products, herein, we report the total synthesis of cryptophycin−24. 
In our retrosynthetic analysis (Scheme 1), we envisioned that cryptophycin−24 could be divided into two parts, a homoallyl alcohol with four stereogenic centers (Fragment A) and a peptidic subunit (Fragment B). It was proposed to obtain the anti-1,3-diol from 2,4,5,6-tetrasubstituted tetrahydropyran 8 which in turn could be obtained via the Prins cyclization of a homoallylic alcohol 9 with an aldehyde 10.

Scheme 1: Retrosynthetic analysis of cryptophycin−24
Accordingly, the synthesis of cryptophycin fragment A began with a homoallylic alcohol 9 which was prepared from (S)-benzyl glycidyl ether 11. The Prins cyclization of 9 with aldehyde 10 in presence of TFA in CH2Cl2 followed by hydrolysis of the resulting trifluoroacetate with K2CO3 in methanol gave the 4-hydroxytetrahydropyran 8 in 65% yield (Scheme 2). The stereochemistry was assumed to be in anticipated line with previous results. However, it was later proved after elaborating compound 8 to the target fragment which in all respects was identical with the reported one.
Chemoselective tosylation of primary alcohol 8 with 1.1 equiv. of tosyl chloride in the presence of TEA in CH2Cl2 gave the corresponding tosylate 12 in 82% yield. MOM protection of the secondary alcohol 12 with methoxymethyl chloride provided the corresponding MOM ether 13 in 76% yield.
Scheme 2
Treatment of tosylate 13 with NaI in refluxing acetone gave the respective iodide 14 in 86% yield, which on exposure to potassium t-butoxide in THF and a subsequent rearrangement on silica gel gave the key intermediate 15 in 55% yield. Ozonolysis of the alkene 15 afforded the corresponding aldehyde 16, which on treatment with phenylmagnesium bromide in the presence of magnesium bromide diethyl etherate in CH2Cl2 at –78 °C produced exclusively syn- alcohol 7, in 72% overall yield (Scheme 3). 
The MOM group in 7 was deprotected using p-TSA in methanol to give the corresponding diol in 65% yield, which was in turn protected as acetonide with 1,2-dimethoxypropane in the presence of catalytic amount of PPTS to afford compound 17 in 92% yield. The acetate 17 was hydrolyzed with K2CO3 in methanol to yield alcohol, which was subsequently debenzylated with 5% Pd/C under H2 atmosphere in methanol to furnish the diol 18 in 82% yield. 
Oxidation of primary hydroxyl group in 18 using TEMPO and BAIB in CH2Cl2 followed by Wittig olefination of the resulting aldehyde with an excess C-1 ylide generated in situ by the reaction of ICH3PPh3 with t-BuOK gave the fragment A 6 in 76% yield. The data of a target fragment A of cryptophycin−24 was identical in all respects to the data reported in literature. 

Scheme 3
Preparation of Depsipeptide Subunit:
The preparation of depsipeptide subunit was started with (D)-N-Boc-tyrosine methyl ester 19. Methylation of the hydroxy group of commercially available (D)-N-Boc-tyrosine methyl ester with DMS and potassium carbonate afforded compound 20 in 96% yield. The removal of N-Boc protecting group in 20 was achieved with TFA in CH2Cl2 at room temperature in 3 h providing free amine, which underwent subsequent amide formation with acryloyl chloride in presence of DIPEA in CH2Cl2 furnishing the compound 21 in 82% yield.
The methyl ester in 21 was hydrolyzed with LiOH.H2O in 4 h affording the acid 22 in 90% yield (Scheme 4). The acid was coupled with β-alanine methyl ester, which was prepared from β-alanine 23 using SOCl2 in refluxing methanol to yield β-alanine methyl ester hydrochloride 24 in 90% yield. The coupling of 24 and acid 22 was achieved with EDCI and HOAt in CH2Cl2 in presence of DIPEA as base to give amide compound 25 in 92% yield. The methyl ester of compound 25 was hydrolyzed with LiOH.H2O in 4 h to afford acid 26 in 87% yield. 

Scheme 4
L-Leucic acid t-butyl ester 29 was prepared from L-leucic acid 27 by treatment with acetyl chloride to convert the free -OH to -OAc. This crude acetate was converted to t-butyl ester with t-BuOH, DCC and DMAP to afford the compound 28 in 81% yield. The acetyl group was hydrolyzed with K2CO3 in methanol at room temperature to provide the L-leucic acid t-butyl ester 29 in 90% yield. The L-leucic acid t-butyl ester 29 and acid 26 were coupled with DCC and DMAP in CH2Cl2 for 8 h to furnish the desire depsipeptide 30 in 82% yield (Scheme 5). 
      Scheme 5
The t-butyl ester of 30 was hydrolyzed with TFA in CH2Cl2 to afford the acid 5 which was used in the next reaction without further purification and characterization. The acid 5 was coupled with alcohol 6 in Yamaguchi conditions with 2,4,6-trichloro benzoyl chloride in presence of DIPEA and DMAP in THF for 18 h to afford the compound 31 in 80% overall yield.  This diene 31 was subjected to RCM using 10 mol% Grubbs’ second generation catalyst in refluxing CH2Cl2 for 2 h to yield RCM product 32 in 75% yield. The cyclized product 32 was treated with TFA in CH2Cl2 for 4 h to afford the diol compound 33 in 80% yield (Scheme 6). 
The syn-diols in 33 were converted to epoxide in three sequential steps in 65% yield. At first, diol was treated with trimethoxy orthoformate in presence of PPTS in CH2Cl2 for 1 h, followed by acetyl bromide in CH2Cl2 producing the anticipated bromohydrin formate in 2 h, which was taken on to the last step without purification. The formation of epoxide was achieved with powdered KHCO3 in a mixture of DME/ethanol/methanol (6:4:1) at 40 °C for 6 h. The data of target molecule of cryptophycin-24 (arenastatin A) was identical in all respects to the reported data.
         
      Scheme 6
CHAPTER–II
Stereoselective synthesis of the (−)-galantinic acid from D−mannitol:
Galantinic acid (35) is a constituent of the peptide antibiotic galantin−I, which was isolated from a culture broth of Bacillus pulvifaciens. The originally proposed pyranoid structure 34 of ()-galantinic acid was later revised to 35 by Sakai and Ohfune. Galantinic acid, which is an unusual amino acid, has been an attractive target for synthetic chemists because of its unique structure with dense functionalisation and also excellent antibacterial activity.

Figure 2
 A retrosynthetic analysis for galantinic acid based on chiron approach with diastereoselective allylic addition as the prominent strategy is pictorially presented in Scheme 7. We envisioned that the synthesis of galantinic acid could be achieved by employing stereoselective allylation as a key strategy to make this route more feasible and simple. The homoallylic alcohol 36a can be obtained from 37 by converting terminal olefin to aldehyde followed by stereoselective allylation. Compound 37 could be achieved from homoallylic alcohol 38a via SN2 substitution of benzyl amine followed by protections. The homoallylic alcohol 38a was prepared from (R)-2,3-O-isopropylidineglyceraldehyde 39 which was obtained from commercially available D−mannitol 40.  In the present chapter we describe the total synthesis of (−)-galantinic acid (35). 

Scheme 7: Retrosynthetic analysis of galantinic acid (35)
The foremost step was the conversion of D-mannitol 40 into 1,2,5,6-di-O-isopropylidine-D-mannitol 41 using 2,2-dimethoxy propane and cat. p-TSA in dry DMSO for 8 h as shown in Scheme 8. The treatment of diacetonide D-mannitol 41 with NaIO4, and sat. NaHCO3 in CH2Cl2 for 8 h afforded the (R)-2,3-O-isopropylidine glyceraldehyde 39 in quantitative yield. 
Scheme 8
 The next endeavor was the stereoselective allyl addition to the aldehyde 39. Accordingly, the compound 39 was treated with allyl bromide, in presence of activated zinc dust and saturated NH4Cl for 4h, which gave the mixture of diastereomers 38a and 38b in the ratio of the 95:5 (anti : syn) in 92% yield (Scheme 8). The diastereomers were separated by column chromatography.

Scheme 9 
The alcohol of 38a was protected using benzyl bromide and NaH in dry THF at 0 °C to room temperature for 4 h to afford 42 in 90% yield. Compound 42 was treated with 2N HCl in THF for 3 h to afford diol 43 in 90% yield (Scheme 9). The diol 43 was subjected to selective protection of primary alcohol using benzyl bromide in the presence of dibutyltin oxide in benzene under reflux to produce the compound 44 in 88% yield.
Scheme 10
 The free OH group in 44 was mesylated with MeSO2Cl in presence DIPEA in anhydrous CH2Cl2 for 3 h to afford the corresponding mesyl ester 45 in 82% yield. The mesyl ester 45 was subsequently heated with benzylamine (excess) at 120 °C under solvent free condition for 12 h to afford the desired amino compound 46 in 85% yield. The SN2 substitution was a smooth affair, even though the mesylate group is sterically flanked by benzylic groups. The free NH−proton in 46 was carbomated with CBZ−chloride in aq. ethanol for 3 h to afford the corresponding carbamate derivative 37 in 90% yield. Then the double bond in 37 was dihydroxylated with osmium tetroxide to give a diol that was cleaved with sodium periodate to give the aldehyde in a pure form in one pot operation (Scheme 10).
 Scheme 11
We proceeded to the next chelation−controlled diastereoselective allylation without any purification and analytical characterization of the aldehyde. Thus, the aldehyde was treated with allyl(tributyl)stannane in the presence of magnesium bromide in CH2Cl2 at 0 °C to give the corresponding homoallylic alcohol as a mixture of isomers 36a and 36b in 72% overall yield. The desired major 1,3-anti-addition product 36a was easily separated by column chromatography from the undesired isomer (Scheme 11). 
Scheme 12
 The homoallylic alcohol 36a was treated with a catalytic amount of osmium tetroxide to give the 1,2-diol, which was oxidatively cleaved with NaIO4 in THF–H2O (5:1) to  afford the aldehyde (Scheme 16). The aldehyde was further oxidized to an acid 47 with NaClO2 and NaH2PO4.2H2O in t-BuOH at room temperature, in 85% yield. Debenzylation and CBZ deprotection in 47 was achieved with 10% Pd/C in methanol at room temperature under atmospheric hydrogen pressure. After 8 h stirring, the target molecule 35 was obtained in 86% yield (Scheme 12).
CHAPTER–III
Development of new synthetic methodologies is an important subject in organic chemistry. Synthesis involves expensive reagents and catalysts, which are not easily available. To replace all such reagents and catalysts, different improved processes have been discovered to carry out the reactions efficiently and conveniently with readily available inexpensive materials. In recent years, the use of solid acids as heterogeneous catalysts has received considerable interest in different areas of organic synthesis. The heteropoly acids are more advantageous as they are reusale and easily seperable from reaction mixture by simple filtration. In this chapter we described the Cu and Ag exchanged tungstophosphoric acid catalysed synthetic methodologies.
The Cu exchanged 12-tungstophosphoric acid is used as an efficient and reusable catalyst for cyclopropanation of alkens via C−H insertion and for Click chemistry, which is summerised in Section A and Section B respectively. The Silver exchanged tungtophosphoric acid is used for the preparation of β–ketoesters via carbene insertion, which is summerised in Section C.
Section A: The Copper exchanged 12−tungstophosphoric acid for cyclopropanation of alkenes via C-H insertion
Smooth cyclopropanation of alkenes with ethyl diazoacetate using a catalytic amount of Cu-exchanged phosphotungstic acid (Cu-TPA) has been summerised in this section. The reaction conditions are mild and afforded cyclopropanecarboxylates in high yields with moderate selectivity. The catalyst is recycled and reused for three to four subsequent runs with a minimal decrease of activity.

Scheme 13
In a model experiment, styrene (48) was treated with ethyl diazoacetate (49) in the presence of 5 mol% of Cu-TPA in CH2Cl2. The reaction was completed in 2.5 h at room temperature and the product, ethyl 2-phenyl-1-cyclopropanecarboxylate was isolated as a mixture of 50a and 50b in 90% yield (Scheme 13). However, the product was obtained as a mixture of trans− 50a and cis− 50b isomers, favoring trans−diastereomer 50a. The diastereomers cis− and trans− could be easily separated by column chromatography.
The effects of various copper(II) salts were screened in the cyclopropanation of styrene with ethyl diazoacetate. The best results were obtained using Cu-TPA as the catalyst with best trans-selectivity. Both electron rich and electron deficient styrene derivatives gave cyclopropane carboxylates in high yields (Table 1). In all cases, the reaction proceeds smoothly at room temperature with high trans-selectivity. α-and β-substituted styrenes gave the corresponding products in good yields without selectivity.





Section B: The Copper exchanged 12-tungstophosphoric acid for Click chemistry
In this section we describe the preparation of triazoles via three component and two component reactions. Three-component coupling of alkyl bromide, sodium azide and alkyne has been achieved by means of Click Chemistry using a catalytic amount of copper-exchanged tungstophosphoric acid (Cu-TPA) in the presence of triethyl amine in DMF to afford substituted triazoles in good yields with high selectivity. In a preliminary experiment, benzyl bromide (53) was treated with sodium azide and phenyl acetylene (54) in the presence of triethyl amine and 10 mol% of Cu-TPA in DMF. The reaction went to completion in 8.0 h and the desired product, 1-benzyl-4-phenyl-1H-1,2,3-triazole (55) was obtained in 85% yield (Scheme 15).

Scheme 15
Similarly, other alkynes such as propargyl alcohol, (prop-2-ynyloxy) naphthalene, 1-decyne, p-methoxy-phenylacetylene, (prop-2-ynyloxy)benzene and homopropargyl alcohol also reacted effectively with halides and sodium azide under identical conditions to produce 1,2,3-triazoles in good yields (Table 3). Encouraged by the results obtained with benzyl bromide, we turned our attention to various alkyl bromides. Interestingly, (2-bromoethyl)benzene and 1-bromopentane also participated well in this reaction. The effects of various copper(II) salts such as Cu-TPA , Cu(acac)2, Cu(OTf)2, Cu(OAc)2 and CuSO4 were screened in the reaction of benzyl bromide, sodium azide and phenyl acetylene. Of these copper salts, Cu-TPA was found to give the best conversion. The two-component coupling of alkyl azide 56 with alkyne 57 proceeds rapidly at room temperature to furnish 1,2,3-triazoles 58 in excellent yields (Scheme 16). The catalyst can be recovered and reused for three to four subsequent runs with a minimal decrease of activity.

Scheme 16
This is a novel and efficient protocol for the preparation of 1,2,3-triazoles by means of three–component reaction between alkyl bromide, sodium azide and alkyne using copper exchanged heteropoly acid (Cu-TPA) as a heterogeneous catalyst. This method offers significant advantages such as high conversions, short reaction times, and ease of recovery and reusability of the catalyst, which makes it a useful and attractive strategy for the preparation of a wide range of triazoles in a single–step operation. 

Section C: The Silver exchanged 12-tungstophosphoric acid for the synthesis of β-ketoesters via C−H insertion
This section contains the silver salt of tungstophosphoric acid used as an efficient catalyst for the preparation of β−ketoesters from aldehydes and ethyl diazoacetate via C–H insertion. Our first experiment was commenced with the treatment of benzaldehyde (59) with ethyl diazoacetate (49) in the presence of 5 mol% Ag-TPA in CH2Cl2 afforded ethyl 3−oxo−3−phenylpropanoate (60) in 94% yield (Scheme 17).

Scheme 17
The effects of various Ag(I) salts were screened for the coupling of benzaldehyde with ethyl diazoacetate, where the Ag-TPA is the best for the formation of β−ketoester as a recyclable catalyst. The remarkable catalytic activity of Ag-TPA provided the incentive for further study of reactions with other aromatic aldehydes such as p-fluoro, p-chloro, p-hydroxy, 4-hydroxy-3-methoxy, 3,4-dimethoxy, p-isopropyl, p-methyl, p-methoxy and p-nitrobenzaldehydes (Table 4). These aromatic aldehydes reacted efficiently with ethyl diazoacetate under similar conditions to give the corresponding β-ketoesters as the products of C–H insertion. 
The heteroaromatic aldehydes such as Pyridine-2-carboxaldehyde and Furan-2-carboxaldehydes also participated well in this reaction. Aliphatic aldehydes such as cyclohexane carboxaldehyde and 3-phenylpropanal also afforded the respective β−ketoesters in excellent yields. This method also worked well with highly acid sensitive substrate such as furfural, which is known to polymerize under most of the reported conditions. In all cases, the reactions proceeded well at room temperature. Both aromatic and aliphatic aldehydes underwent smooth coupling with ethyl diazoacetate to yield the β−ketoesters in high yields.
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